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Abstract
Plant retinoblastoma-related (RBR) proteins are primarily considered as key regulators of G1/S phase transition, with
functional roles in a variety of cellular events during plant growth and organ development. Polyclonal antibody
against the C-terminal region of the Arabidopsis RBR1 protein also speciﬁcally recognizes the alfalfa 115 kDa
MsRBR protein, as shown by the antigen competition assay. The MsRBR protein was detected in all cell cycle
phases, with a moderate increase in samples representing G2/M cells. Antibody against the human phospho-pRb
peptide (Ser807/811) cross-reacted with the same 115 kDa MsRBR protein and with the in vitro phosphorylated
MsRBR protein C-terminal fragment. Phospho-MsRBR protein was low in G1 cells. Its amount increased upon entry
into the S phase and remained high during the G2/M phases. Roscovitine treatment abolished the activity of alfalfa
MsCDKA1;1 and MsCDKB2;1, and the phospho-MsRBR protein level was signiﬁcantly decreased in the treated cells.
Colchicine block increased the detected levels of both forms of MsRBR protein. Reduced levels of the MsRBR
protein in cells at stationary phase or grown in hormone-free medium can be a sign of the division-dependent
presence of plant RBR proteins. Immunolocalization of the phospho-MsRBR protein indicated spots of variable
number and size in the labelled interphase nuclei and high signal intensity of nuclear granules in prophase.
Structures similar to phospho-MsRBR proteins cannot be recognized in later mitotic phases. Based on the
presented western blot and immunolocalization data, the possible involvement of RBR proteins in G2/M phase
regulation in plant cells is discussed.
Key words: Auxin, cell cycle, cell synchronization, colchicine, cyclin-dependent kinases, phosphorylation, prophase,
retinoblastoma-related protein, roscovitine, immunolocalization.
Introduction
In the last decades, substantial progress has been made in the
discovery of genes and protein complexes regulating cell
division in different organs of higher plants, as discussed in
recent reviews (Berckmans and De Veylder, 2009; Nieuwland
et al.,2 0 0 9 ; Sabelli and Larkins, 2009; Boruc et al.,2 0 1 0 ).
From these studies one can conclude that several compo-
nents and mechanisms are functional in plant cell cycle
control that also play a role in other eukaryotic cells. In
addition to this phylogenetic conservation, plant-speciﬁc
regulatory elements are responsible for perception or media-
tion of developmental and environmental signals to modulate
cell division activities during completion of the plant life
cycle. One surprising example is the family of plant
retinoblastoma-related (RBR) proteins sharing homology
with the human tumour suppressor retinoblastoma (pRb)
protein and operating in gametophyte and sporophyte
development (Johnston et al.,2 0 1 0 ) or in the maintenance of
meristem integrity and function (Borghi et al.,2 0 1 0 ).
Maize cDNA clones encoding structural and functional
counterparts of the pRb protein from higher eukaryotes
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(Graﬁ et al., 1996; Xie et al., 1996; Ach et al., 1997). The list
of cloned plant RBR genes is continuously expanding, and
the phylogenetic tree reveals signiﬁcant differences between
dicot and monocot plant species as far as the number of
RBR genes is concerned. While dicot plants only have
a single gene, monocot cereal species carry at least two
distinct genes with characteristic expression patterns (Lendvai
et al., 2007; Miskolczi et al., 2007). Microarray analysis
showed constitutive expression of the Arabidopsis RBR1
gene during cell cycle progression in synchronized cells
(de Almeida et al., 2009).
Studies on the mammalian cell division cycle have revealed
that pRb proteins act as ‘pocket domain’ proteins regulating
G1 to S phase transition through phosphorylation-dependent
interaction with the E2F family transcription factors, repres-
sing or activating genes required for cell cycle progression.
The Rb–E2F complexes are involved in several basic cellular
events such as oncological transformation, apoptosis, or cell
differentiation (reviewed by Korenjak and Brehm, 2005;
Poznic, 2009).
Similarly, in plants, the RBR protein functions are
controlled by phosphorylation and protein–protein interac-
tions (reviewed by Gutierrez, 1998; Durfee et al., 2000).
Like human pRB proteins, plant RBR proteins are com-
posed of an N-terminal region, A and B domains in the
pocket region, and a C-terminal domain. These proteins
have several potential cyclin-dependent kinase (CDK)
phosphorylation sites (Durfee et al., 2000; Boniotti and
Gutierrez, 2001; Miskolczi et al., 2007). Divergent functions
of CDK–cyclin complexes in plant cell cycle control are
determined by speciﬁc binding between various members of
the kinase and cyclin families (Dudits et al.,2 0 0 7 ;Nieuwland
et al., 2007). More than 150 CDK proteins from 41 species
can be categorized into eight classes: CDKA–CDKG and
the CDK-like kinases (CDKLs) by using the predicted
cyclin-binding motifs as an essential criterion. Characteristic
members of the CDKA class share the canonical PSTAIRE
motif, and their interactions with D-type cyclins are
required for the formation of active kinase complexes that
can phosphorylate RBR proteins, as was shown for
tobacco, Arabidopsis, and wheat (Nakagami et al., 1999;
Boniotti and Gutierrez, 2001). These plant cyclins may have
the LxCxE motif that mediates the binding of a variety of
proteins to RBR proteins (Soni et al., 1995; Huntley et al.,
1998). The NtRBR1 protein of tobacco was phosphorylated
by the cyclin D3;3–CDKA complex and this kinase activity
was detected in extracts from G1 and S phase cells of
synchronized tobacco BY-2 culture (Nakagami et al., 2002).
The recombinant C-terminal domain [glutathione S-trans-
ferase (GST)–ZmRBR-C] of the maize RBR protein could
serve as a substrate for p13
SUC1-bound kinase complex
from synchronized wheat cells. This kinase activity
remained high for several hours after release from the
hydroxyurea (HU) block (Boniotti and Gutierrez, 2001).
Kawamura et al. (2006) generated antibodies against the
C-terminal region of the NtRBR1 protein and different
phosphoserine peptides containing sequences from
NtRBR1. The NtRBR1 protein was phosphorylated by
both CDKA and CDKB immunoprecipitated from actively
growing cells. Antibodies recognizing speciﬁc phosphoser-
ines cross-reacted differentially with the NtRBR1 protein in
various phases of the cell cycle. The recently described
PsRBR1 protein from pea was found to be able to form
a complex with D-type cyclin (Pissa; cyclin D3;1) containing
the canonical pRb-binding LxCxE motif in the N-terminal
region (Shimizu-Sato et al., 2008). The authors detected the
phosphorylated forms of the PsRBR1 protein by immuno-
precipitation after in vivo labelling with [
32P]inorganic
phosphate.
Since cellular structures undergo dynamic changes during
progression through the consecutive phases of the cell
division cycle, therefore the localization of regulatory
proteins is a key determinant in functionality. Boruc et al.
(2010) presented the spatiotemporal occurrence of 60
Arabidopsis cell cycle proteins fused to green ﬂuorescent
protein in Arabidopsis and tobacco cells. In this study the
AtRBR1 protein was shown to be localized in the nucleus
of interphase cells. So far there have been no reports on the
localization of phospho-RBR proteins in plant cells.
According to the dominant view, RBR proteins are
responsible for a major G1 checkpoint, blocking S phase
entry and cell growth. In this work, the molecular tools for
monitoring both the MsRBR and the phospho-MsRBR
proteins in cultured Medicago cells are extended. Limited
ﬂuctuation in the MsRBR protein level during the whole
cell cycle including G2/M phases is shown. Western blot
analysis revealed a lower level of phospho-MsRBR protein
in G1 cells as compared with S or G2/M cells. Localization
of phospho-MsRBR protein in spots of interphase nuclei
and in nuclear granules in prophase cells is a novel ﬁnding
in plant RBR research. Taking together the presented
immunodetection data, a functional role for plant RBR
proteins in mitotic events is postulated. Plant hormones can
directly inﬂuence plant cell division activity. Reduced
amounts of MsRBR and phospho-MsRBR proteins in cells
during the stationary phase of growth, or the lack of
MsRBR protein accumulation in non-dividing cells cultured
in hormone-free medium for a prolonged time suggest a link
between the presence of RBR proteins and plant cell
division activity.
Materials and methods
Plant cell cultures, cell synchronization, and hormone starvation
experiments
Medicago sativa ssp. varia genotype A2 cell suspension culture
was maintained by weekly subculturing in Murashige and Skoog
(MS) medium (Murashige and Skoog, 1962) supplemented with
2m gl
 1 2,4-dichlorophenoxyacetic acid (2,4-D) and 0.2 mg l
 1
kinetin according to Bo ¨gre et al. (1988).
Synchronization of the cell cycle was started by a 1:4 dilution of
a 7-day-old alfalfa suspension culture. After 3 d cells were treated
with 10 mM HU (Sigma, St Louis, MO, USA) for 36 h. The cells
were then washed three times with pre-conditioned MS medium
(taken from an A2 suspension culture of the same age after
subculture) and cultured further for synchronous growth in the
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roscovitine or 0.05% colchicine, were used to stop cells in the
desired cell cycle phases by adding them to the medium, 2 h after
washing the HU from the cells. Samples were collected at the
indicated time points for protein extraction, cytology, and ﬂow
cytometric analysis.
The hormone starvation and re-addition experiment was started
by extensive washing of a 7-day-old Medicago A2 cell culture with
hormone-free MS medium. Subsequently the cell culture was
divided and grown in either hormone-free MS medium or in the
presence of 1 mg l
 1 2,4-D with 0.2 mg l
 1 kinetin for 5 d.
Afterwards hormones were re-added to the medium lacking
growth hormones (1 mg l
 1 2,4-D with 0.2 mg l
 1 kinetin). The
parallel cell culture was grown in the presence of 1 mg or 2 mg of
2,4-D and samples were taken at the indicated time points.
Protein extraction and immunoblotting
Protein extracts from cells were prepared according to Magyar
et al. (1997) in buffer containing 25 mM TRIS-HCl pH 7.6,
15 mM MgCl2, 15 mM EGTA, 75 mM NaCl, 60 mM b-glycer-
ophosphate, 1 mM dithiothreitol (DTT), 0.1% NP-40, 0.1 mM
Na3VO4, 1 mM NaF, 1 mM phenylmethylsulphonyl ﬂuoride
(PMSF), protease inhibitors (Complete, Roche, Mannheim,
Germany), and PhosSTOP phosphatase inhibitor cocktail (Roche,
Mannheim, Germany). A 100 lg aliquot or the indicated amount
of cleared protein extracts were subjected to SDS–PAGE with the
appropriate concentration of acrylamide from 6% to 12% and
transferred to polyvinyldiﬂuoride (PVDF; Millipore). The amount
of RBR protein was determined by immunoblot analysis as
described previously by Horvath et al. (2006). To test the cross-
reaction of anti-AtRBR1 antibody with the MsRBR protein, 5 ng
of puriﬁed recombinant His-tagged C-terminal fragment of the
MsRBR protein was used in immunoblot assays. In order to test
speciﬁc cross-reaction of anti-AtRBR1 antibody with the
MsRBR1 protein, an antigen competition assay was performed.
The antibody was pre-incubated with the puriﬁed (His)6-tagged
C-terminal part of the MsRBR1 protein at 4  C for 3 h prior to
use in the immunoblotting assay. The immunoblotting experiment
was run in duplicate; the ﬁrst time with antibody pre-incubated
with recombinant protein and the second time with a control
antibody (not pre-incubated). All other parameters of the immu-
noblotting experiment remained constant throughout the experi-
ment. Polyclonal antibody produced against a phosphopeptide
corresponding to residues around Ser807/811 of human Rb protein
[Phospho-Rb (Ser807/811) Antibody #9308, Cell Signaling Tech-
nology] was used according to the manufacturer’s instructions to
monitor the phospho-MsRBR protein level. To demonstrate cross-
reaction of the antibody with phospho-MsRb protein in vitro,
phosphorylation was carried out. The puriﬁed recombinant His-
tagged C-terminal fragment of the MsRBR protein was phosphor-
ylated by the CDK complex bound to p13
SUC1 (Sigma). Samples
were taken at the indicated time points. The reaction was monitored
using an immunoblot (with anti-phospho-pRb antibody) and by
detecting incorporated [
32P]inorganic phosphate (using Phosphor-
Imager SI, Molecular Dynamics). Anti-MedsaCDKA1;1 or anti-
MedsaCDKB2;1 antibodies were used according to Magyar et al.
(1997).
Immunoprecipitation and kinase activity assays
For the immunoprecipitation procedures, equal amounts of pro-
tein extracts in homogenization buffer (see above) were incubated
with 2–4 lg of antibodies (anti-MsCDKA1;1 and anti-
MsCDKB2;1). The kinase reaction was initiated by the addition
of 30 ll of reaction mixture (50 mM TRIS-HCl, pH 7.6, 15 mM
MgCl2, 5 mM EGTA, 1 mM DTT, 10 lM ATP) containing 2.5 lg
of histone H1 or GST–MsRBR substrate and 0.25 MBq of
[
32P]ATP. Detailed descriptions of these methods have been given
previously (Magyar et al., 1993).
In vitro phosphatase treatment
Samples from M. sativa ssp. varia genotype A2 suspension culture
were harvested both 4 d (exponential growing phase) and 7 d
(stationary phase) after subculturing. Protein extracts were pre-
pared in buffer containing 20 mM HEPES pH 7.6 and EDTA-free
complete protease inhibitor cocktail (Roche, Mannheim, Ger-
many). A 50 lg aliquot of total protein was incubated in calf
intestinal alkaline phosphatase (CIAP) buffer at 37  C for 30 min
in the presence or absence of 5 U of enzyme. The reactions were
stopped by boiling in SDS loading buffer. Samples were separated
on a 6% polyacrylamide gel, then blotted onto a PVDF membrane.
Flow cytometry
For ﬂow cytometric analysis, 1 ml of cell culture was ﬁltered with
miracloth, then the cells were chopped with a sharp razor blade in
Galbraith’s buffer (45 mM MgCl2, 20 mM MOPS, 30 mM sodium
citrate, 0.1% Triton X-100, pH 7.0) in 6 cm plastic Petri dishes on
ice (Galbraith et al., 1983). Nuclei (in 1 ml of buffer) were ﬁltered
into 1.5 ml microfuge tubes through 20 lm sieves. Nuclei were
stained with propidium iodide (4 lgm l
 1).
Nuclei (10310
3) were used for ﬂow cytometric determination of
the relative DNA content with a FACSCalibur ﬂow cytometer
from Becton Dickinson (Franklin Lakes, NJ, USA). Cell cycle
phase analysis was carried out by the ModFit
  software.
Immunolocalization and confocal laser scanning microscopy
A 2-day-old suspension culture of Medicago was ﬁxed for 15 min
in 4% (w/v) formaldehyde solution in phosphate-buffered saline
(PBS) with 0.1% Triton X-100. Fixed cells were washed twice for
5 min with PBS and once for 5 min with 0.5% MES (2-N-
morpholinoethanesulphonic acid) at pH 5.8. Cell walls were
partially digested for 35 min with chromatographically puriﬁed
lyophilized enzymes from Worthington Biochemical Corporation
(Lakewood, NJ, USA). The enzyme mixture was 1% cellulase and
0.5% pectinase in 0.5% MES, pH 5.8. After washing with PBS
(335 min), cells were settled on poly-L-lysine-coated coverslips.
Excess solution was removed and cells were permeabilized for
20 min with 0.5% Triton X-100 in PBS to allow antibody
penetration, followed by 235 min washes with PBS and 1320 min
with PBS
+ [PBS with 5% (v/v) ﬁsh gelatin]. Cells were incubated
for 1.5 h at 37  C (or overnight at 4  C) with primary antibodies in
PBS
+. Chicken anti-retinoblastoma antibody and rabbit anti-
phospho-Rb antibodies were used at a 1:200 and 1:100 dilution,
respectively. Following 335 min washes with PBS
+, cells were
incubated for 1 h at 37  C with anti-chicken ﬂuorescein isothiocya-
nate (FITC)-conjugated and anti-rabbit AlexaFluor 488-conjugated
antibodies (Invitrogen) diluted 1:300 in PBS
+. Cells were then
washed 335 min with PBS containing 100 ng ml
 1 DNA staining
dye DAPI (4’,6-diamidino-2-phenylindole; Invitrogen) and mounted
with Fluoromount-G anti-fade mounting solution (Southern Bio-
tech). Confocal laser scanning microscopy was performed using an
Olympus Fluoview FV1000 confocal laser scanning microscope
(Olympus Life Science Europa GmbH, Hamburg, Germany). The
microscope conﬁguration is as follows: objective lenses, UPLSAPO
320 (dry, NA:0.75), UPLFLN 340 (oil, NA:1.3), and UPLSAPO
360 (oil, NA:1.35); sampling speed, 4 ls pixel
 1; line averaging, 23;
scanning mode, sequential unidirectional; excitation, 405 nm
(DAPI) and 488 nm (FITC and AlexaFluor 488); laser trans-
missivity, <1% and 5% were used for DAPI and Alexa Fluor 488,
respectively; main dichroic beamsplitter, DM405/488; intermediate
dichroic beamsplitter, SDM 490; DAPI signal was detected between
425 nm and 475 nm, FITC and Alexa Fluor 488 were detected
between 500 nm and 600 nm, and pseudocoloured red and green,
respectively. Differential interference contrast (DIC) images were
captured with a 488 nm laser line. Composite images were prepared
using the ‘import image sequence’ and ‘make montage’ functions of
Retinoblastoma-related protein in G2/M alfalfa cells | 2157the ImageJ software (National Institutes of Health, USA, version
1.41).
Results
Immunodetection of MsRBR and phospho-MsRBR
proteins in extracts from cultured alfalfa cells
At present a polyclonal antibody is available that was
produced against the recombinant AtRBR1 protein
C-terminal fragment consisting of 236 amino acids from
Arabidopsis (Horva ´th et al.,2 0 0 6 ). The cross-reaction of
this anti-AtRBR1 antibody with the His-tagged C-termi-
nal fragment of the MsRBR protein produced in vitro was
tested. This antibody recognized even a low amount
(5 ng) of recombinant protein (data not shown), and
a1 1 5 k D ap r o t e i nw a sd e t e c t e da sam a j o rb a n di n
western blots of total protein extract (Fig. 1A,l a n e1 ) .
The 115 kDa protein band corresponds to the predicted
molecular mass (114.2 kDa) of the alfalfa RBR protein.
The speciﬁcity of this cross-reaction was tested by antigen
competition assay. Pre-incubation of this antibody with
the puriﬁed (His)6-tagged C-terminal part of the MsRBR
protein removed the cross-reacting antibody and resulted
in the disappearance of the 115 kDa band (Fig. 1A,
lane2). This ﬁnding supports the use of this antibody in
the alfalfa experimental system. Since the amount of
phosphorylated MsRBR protein has functional signiﬁ-
cance, the phosphoprotein was monitored by immuno-
blotting with antibody produced against the
phosphorylated pRb peptide containing Ser807/811 (Cell
Signaling Technology). In the alfalfa MsRBR protein
Ser931 corresponds to the SPL motif. In order to test the
speciﬁcity of this peptide antibody, the recombinant
(His)6-tagged C-terminal fragment of the MsRBR protein
was phosphorylated using CDK complex bound to GST–
p13
SUC1 beads. (Fig. 1B,m i d d l ep a n e l ) .T h ep h o s p h o r y -
lation reaction was also monitored by detection of
32P
incorporation (Fig. 1B, lower panel). The two parameters
are in good agreement with each other. Using whole-cell
extracts, both antibodies produced against either
AtRBR1 protein or phospho-pRb peptide recognized the
same 115 kDa size protein (Fig. 1C, D). Here the
sensitivity of phospho-MsRBR protein to CIAP
Fig. 1. Speciﬁcity test of antibodies used for detection of the Medicago retinoblastoma-related protein (MsRBR) and its phosphorylated
form (phospho-MsRBR) in cells at stationary or exponential growing phase. (A) Antigen competition assay for anti-AtRBR1 antibody: 1,
western blot of total protein extract with anti-AtRBR1 antibody detected the MsRBR1 protein (115 kDa); 2, immunoblot of total protein
extract with anti-AtRBR1 antibody pre-incubated with the puriﬁed (His)6-tagged C-terminal part of the MsRBR1 protein failed to detect
the MsRBR protein (115 kDa). (B) Functionality test of anti-human pRb phosphopeptide antibody by western blot of the in vitro
phosphorylated recombinant C-terminal fragment of MsRBR protein after incubation with p13
SUC1-bound kinase complex. Upper panel,
Ponceau S-stained ﬁlter used for immunoblot assay; middle panel, immunoblot with antibody produced against the phosphopeptide
corresponding to residues around Ser807/811 of human pRb; lower panel, detection of incorporated [
32P]inorganic phosphate by
Phosphor Imager SI (Molecular Dynamics). (C) Alfalfa cells at exponential phase have an increased amount of the MsRBR protein in
comparison with cells at stationary phase. Lanes 1–3, protein extracts from 7-day-old cultures (stationary phase); lanes 4–6, protein
extracts from 4-day-old cultures (exponential phase); 1, 4, control cultures; 2, 5, protein extracts treated with phosphatase buffer; 3, 6,
protein extracts with calf intestinal alkaline phosphatase (CIAP). (D) Western blots with the anti-human pRb phosphopeptide antibody
detected reduced amounts of phospho-MsRBR protein after phosphatase treatment and showed signiﬁcantly higher amounts of
phospho-MsRBR protein in cells at exponential growing phase. Lanes 1–3, protein extracts from 7-day-old cultures (stationary phase);
lanes 4–6, protein extracts from 4-day-old cultures (exponential phase); 1, 4, control cultures; 2, 5, protein extracts treated with
phosphatase buffer; 3, 6, protein extracts with CIAP.
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duced the amount of detected protein cross-reacting with
the anti-phospho-pRb antibody (Fig. 1D, lanes 3 and 6).
The results of these western blots provide additional
information on the accumulation of MsRBR and phos-
pho-MsRBR proteins in cells at different phases of the
growing period of the A2 suspension culture. The frequency
of dividing cells harvested at 4 d after subculturing is high,
because the suspension culture is in the exponential phase.
As shown in Fig. 1C, D, lanes 4–6 these cells contain higher
amounts of both forms of MsRBR proteins than do cells
harvested at 7 d after subculturing representing the station-
ary phase of growth (Fig. 1C, D, lanes 1–3). In particular,
the elevated levels of phospho-MsRBR protein in cells in
a state of active division are indicated by this experiment.
Careful tests using the above antibody set have opened up
a way to monitor different forms of MsRBR protein in
synchronized or hormone-treated alfalfa cells.
Medicago CDKA- and CDKB-type complexes
phosphorylate the recombinant MsRBR protein
Based on the number of CDK phosphorylation sites and cell
cycle phase-dependent activities of different plant CDKs, the
phosphorylation of the MsRBR protein C-terminal fragment
was tested by immunoprecipitated MedsaCDKA1;1/1;2
and MedsaCDKB2;1 complexes in vitro (Fig. 2). Both the
A- and B-type kinases phosphorylated the histone H1 and
the C-terminal fragment of the MsRBR protein. Previously
it had been demonstrated that the phosphorylation function
of MedsaCDKA1;1 is dependent on the presence of a cyclin
partner (MedsaCYCD3,1) (Dudits et al., 2007). This cyclin
variant has the characteristic LxCxE pRb-binding motif.
On the other hand the mitosis-speciﬁc MedsaCDKB2;1 also
interacted with the MedtrCYCD1;1 cyclin, having a similar
pRb-binding motif, in yeast two-hybrid assays (Me ´sza ´ros
et al., 2000).
Depletion of growth hormones causes a signiﬁcant
reduction of the level of RBR protein in cultured alfalfa
cells
The Medicago A2 cell line is routinely cultured in medium
supplemented with 2 mg l
 1 2,4-D and 0.2 mg l
 1 kinetin.
To test hormonal responses the A2 cells were cultured in
medium lacking growth hormones for 6 d and subsequently
grown either in hormone-free medium or in the presence of
1m gl
 1 or 2 mg l
 1 2,4-D in combination with 0.2 mg l
 1
kinetin. As indicated by western blot analysis, low but
detectable amounts of the MsRBR protein were character-
istic for cells cultured in hormone-free medium (H–) for
6d ( Fig. 3). In these cells the G2/M phase-speciﬁc
MedsaCDKB2;1 protein was also present. Re-addition of
1m gl
 1 or 2 mg l
 1 2,4-D with 0.2 mg l
 1 kinetin resulted
in a gradual increase in the full-size MsRBR protein,
reaching maximum level after 2 weeks. This hormonal
treatment also stimulated the synthesis of the mitotic kinase
protein. During the continuation of the hormone-free
culture period alfalfa cells essentially reduced accumulation
of the MsRBR protein. Based on the signiﬁcant decrease in
the mitotic kinase protein as a marker for cell division, it
can be concluded that these alfalfa cells have decreased
proliferation function. In this experiment, the western blot
detected a 50 kDa protein that is present under the
prolonged hormone-free culture period. Without knowing
its nature it may be assumed to be an indicator of the living
state of cells in this treatment combination. The very low
amount of the full size MsRBR protein in these cells grown
in hormone-free medium supports the conclusion that the
Fig. 2. The MsRBR protein can serve as substrate for both the
PSTAIRE (CDKA1;1/1/2) and the mitotic PPTALRE (CDKB2;1)
kinases. Immunoprecipitated cyclin kinase complexes phosphory-
late the histone H1 protein (H) and the MsRBR protein C-terminal
fragment fused to GST (R).
Fig. 3. Growth hormone-dependent presence of the MsRBR
protein in cultured alfalfa cells. Western blot of total protein
extracts isolated from cells grown in hormone-free medium or 2,4-
dichlorophenoxy acetic acid (2,4-D)- and kinetin-supplemented
medium for the indicated time periods. The anti-AtRBR1 antibody
and anti-CDKB2;1 antibody detected a signiﬁcant reduction in the
cross-reacting proteins in cells exposed to hormone-free con-
ditions. The low amounts of the mitotic kinase protein indicate
reduced division activities in these cells. The presence of a 50 kDa
protein in cells from the hormone-free treatment combination
reﬂects the living state of the analysed cells.
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in vitro cultured alfalfa cells.
Cell cycle phase-dependent variation in amounts of
MsRBR and phospho-MsRBR proteins
Actively dividing Medicago cells grown in suspension culture
can be synchronized with HU treatment. As shown by
representative proﬁles and frequency data from ﬂow cytom-
etry in Fig. 4A the control culture represents G1 cells (82%).
Alfalfa cells were subjected to 36 h HU treatment and, after
removing the inhibitor, cells progress through the S phase
with the highest frequency at 2–4 h (53% and 45%). The
maximum number of G2/M cells could be detected in samples
from cultures collected after 10–16 h (56, 61, 59, and 50%).
The frequency of G1 cells increased after 16 h, indicating the
initiation of a new cycle. A western blot of total protein
extracts detected the 115 kDa full size MsRBR protein in all
samples (Fig. 4B, lane 1). The amounts of cross-reacting
MsRBR protein showed limited variation during cell cycle
progression. Interestingly the G2/M cells had slightly elevated
levels of this protein. After 16 h the blot showed a gradual
decrease of the MsRBR protein level, which is in good
agreement with the increasing frequency of G1 cells. Western
blotting of the same protein samples with anti-phospho-pRb
antibody indicated a low protein phosphorylation level in the
control culture with 82% G1 cells (Fig. 4B, lane 3). The
protein level was elevated in samples with S phase cells (53%
and 45%). The protein cross-reacting with antibodies against
the phospho-pRb peptide was found to be high in protein
extracts isolated from cell populations representing a signiﬁ-
cant frequency (56, 61, and 59%) of G2/M phase cells.
Subsequently the phospho-MsRBR protein level was reduced
in samples containing more G1 cells. In this experiment both
antibodies cross-reacted with the full size MsRBR protein of
115 kDa. Both forms of the MsRBR protein are present in
all cell cycle phases, and the phosphorylated MsRBR protein
exhibits higher variation. The differences between samples
from G1 and G2/M cells are signiﬁcant.
Roscovitine reduced whereas colchicine increased both
forms of MsRBR protein
In order to dissect the G2/M phases in the analysis of levels
of the MsRBR protein and its phosphorylated form, double
synchronization based on HU treatment followed by
roscovitine or colchicine inhibition of cell cycle progression
was applied. Roscovitine is a speciﬁc inhibitor of CDKs and
it can block cell cycle progression in either late G1 phase or
late G2 phase, as was shown in BY-2 tobacco cells
(Planchais et al., 1997). Colchicine is a well-known inhibitor
of mitotic chromosome segregation by interacting with
tubulin (Bhattacharyya et al., 2008). In the present study
alfalfa cells were exposed to HU (10 mM) for 36 h. After
the release of the HU block the cells were grown in culture
Fig. 4. Variation in the amounts of the MsRBR and the phospho-
MsRBR proteins in alfalfa cells during cell cycle progression after
synchronization with 10 mM hydroxyurea (HU) treatment. (A)
Frequency data of G1, S, and G2 cells at various time points after
removal of the inhibitor (HU) with characteristic DNA histograms
from ﬂow cytometry. (B) Western blot of protein extracts by anti-
AtRBR1 antibody (1) and anti-human phospho-pRb peptide
antibody (3). Ponceau S-stained ﬁlter with 50 lg protein samples
(2). C, control, non-synchronized culture; BW, before washing out
HU; AW, after washing out HU.
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tine (100 lM) or colchicine (0.05%). The reference HU-treated
cells were further grown in culture medium. First the cell cycle
parameters were identiﬁed by ﬂow cytometry after these
treatment combinations (Fig. 5A). The maximum number of
S phase cells (43, 44, and 56%) was found in samples from
the time points of washing out HU and 2 h after the release
of the HU block. Cultures from 10, 16, and 22 h contain
an increased percentage of cells in G2/M phase with
increased frequency (54, 69, and 42%). G1 cells form the
majority in samples from 28 h. After roscovitine treatment
G1 phase cells could be detected at 54% and later at 48%
frequency. In the colchicine-treated cultures G2/M cells
represented the majority (61% and 67%) of all cell types.
Figure 5B (upper panel) presents the variation in levels of
MsRBR protein as detected by western blot of protein
extracts from cells synchronized by the above treatments.
Using the control non-treated G1 cells as reference, in-
creased MsRBR levels could be observed in cells grown in
the presence of HU (before washing). After release from the
HU block (after washing) a clear reduction was recognized
in samples with a signiﬁcant number of cells in mid to late S
phase. The minimum amount was found in the sample from
2 h with 56% S phase cells. Compared with these time
points, increased amounts of MsRBR protein were detected
in samples from 10–16 h and 22 h, with a high representa-
tion of G2/M cells. Later the cross-reacting protein levels
decreased when the frequency of G1 cells increased in the
cultures. These data show similar trends in cell cycle phase-
dependent changes as in the previous experiment (Fig. 4B,
lane 1). As far as MsRBR protein amounts are concerned,
the subsequent treatments of the synchronized cells resulted
in different responses. The inhibitor roscovitine lowered the
MsRBR protein levels, whereas the colchicine block en-
hanced the accumulation of this protein in cells enriched for
G2/M phases. Using the same protein samples, the phospho-
MsRBR levels were monitored in cell populations with
various frequencies of cells in different division phases. As
shown previously, G1 cells have relatively low amounts of the
cross-reacting protein (Fig. 5B, lower panel). The roscovitine
treatment signiﬁcantly reduced the amount of the phosphor-
ylated form of MsRBR protein. In contrast, the presence of
colchicine caused accumulation of phospho-MsRBR protein.
The lower molecular weight bands may represent unspeciﬁc
cross-reactions since they show different patterns when
compared with the full-size MsRBR protein.
To characterize kinase markers in cultures exposed to the
double synchronization treatment, an additional experiment
was carried out. As shown in Fig. 6A, the distribution of cells
in various phases of the cell cycle was similar to that in the
previous experiment (see Fig. 5A). Cell samples enriched in
different cell cycle stages were used for analysis of CDK
activities and quantiﬁcation of these kinase proteins (Fig. 6B).
The MedsaCDKA1;1 protein was constantly present in cells
Fig. 5. Roscovitine reduces and colchicine increases the amounts
of MsRBR and phospho-MsRBR proteins in alfalfa cells exposed
to double synchronization. (A) Frequency data of G1, S, and G2
cells at various time points after removal of the inhibitor [hydroxy-
urea (HU) at 10 mM] and treatment with roscovitine or colchicine
for the indicated time periods. Characteristic DNA histograms from
ﬂow cytometry are also shown. (B) Western blot of protein extracts
with anti-AtRBR1 antibody (upper) and anti-human pRb phospho-
peptide antibody (low). C, control, non-synchronized culture; BW,
before washing out HU; AW, after washing out HU.
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either roscovitine or colchicine. Western blot of the same
protein samples failed to detect the mitotic MedsaCDKB2;1
in the roscovitine-treated cells. In the presence of this
inhibitor, the histone H1 phosphorylation function of both
CDKs was blocked. After HU treatment these CDKs
presented different activity proﬁles, with a maximum histone
H1 phosphorylation at 10 h and 16 h in the case of CDKA
and 16 h and 22 h for CDKB. In the colchicine-treated cells
the activity of the mitotic MedsaCDKB2;1 was increased to
a maximum in samples from 22 h.
These sets of experiments conﬁrmed differences in cell
cycle-dependent changes in the amounts of MsRBR and
phospho-MsRBR proteins. Roscovitine treatment of cells
caused only limited reduction in MsRBR protein levels,
whereas the phosphorylated form was signiﬁcantly lowered
possibly because of the lack of CDK activities. In contrast,
the colchicine-treated cells found in G2 phase at high
frequency (>70%) showed elevated levels of both protein
forms. Accumulation of MsRBR proteins after DNA replica-
tion may be linked to the block of mitotic progression.
Immunolocalization of the phospho-MsRBR protein in
cultured alfalfa cells
In the present study it was not possible to obtain clear
immunolocalization signals by using antibody produced in
hens against the C-terminus of the AtRBR1 protein in
immunoﬂuorescence microscopy of cultured alfalfa cells.
Non-uniform and inconsistent cytoplasmic and cell wall
staining of cells may be due to enhanced recognition of
certain non-speciﬁc epitopes detected by this antibody
during the immunolocalization procedure based on the
formaldehyde ﬁxation. During sample preparation, nuclei
were released from some cells. These nuclei showed
homogenous staining with the anti-AtRBR protein anti-
body. In contrast, the anti-phospho-pRb peptide antibody
recognized nuclear spots of varying sizes, indicating a con-
centrated presence of the phosphorylated form in these
structures (Fig. 7). These spots were randomly scattered in
the nuclei. Similar structures were detected in nuclei of
intact alfalfa cells by using this antibody. Figures 8 and 9
show the localization of the phospho-MsRBR protein in
interphase and mitotic cells from asynchronous suspension
cultures. The series of immunoﬂuorescence images shown in
Fig. 8 present cells with interphase nuclei together with cells
at various mitotic phases. The nuclei of interphase cells
were stained intensively with anti-phospho-pRb peptide
antibodies and these signals were concentrated into spots as
observed with isolated nuclei (Fig. 8B–L). Analysis of
mitotic cells revealed labelled granules in prophase cells
(Fig. 8B). These structures detected in prophase cells cannot
be recognized in later mitotic stages such as prometaphase,
metaphase, anaphase, and telophase (Fig. 8D–L). Images in
Fig. 6. Changes in amounts of CDKA1;1 and CDKB2;1 proteins and their activities in alfalfa cells after double synchronization based on
10 mM hydroxyurea (HU) treatment combined with roscovitine (100 lM) or colchicine (0.05%) treatment. (A) Frequency data of G1,S ,
and G2 cells at various time points after removal of the inhibitor (HU) subsequently grown in normal culture medium and treated with
either roscovitine or colchicine. (B) Top, western blot of protein extracts with anti-CDKA1;1 antibody; middle, western blot of protein
extracts with anti-CDKB2;1 antibody; bottom, histone H1 phosphorylation activities of CDKA1;1 and CDKB2;1 in the synchronized cells.
AW, after washing out HU.
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nuclei with immunoreactive structures (Fig. 9B) and pro-
phase cells with positive nuclear granules (Fig. 9E). In this
cell the condensation of chromosomes is well advanced and
the merged pictures indicate an interchromosomal position
of nuclear granules. The presented immunolocalization data
strengthen the previous western blot results indicating the
presence of phospho-MsRBR proteins not only in in-
terphase cells before and during S phase but also in G2/M
phases of the cell cycle. An unexpected ﬁnding is that this
form of MsRBR protein is localized in spots or granules
possibly representing protein complexes with unknown
composition and function. Additional studies are needed to
characterize these structures.
Discussion
The retinoblastoma pathway has emerged as an important
regulatory component in the cell division cycle of higher
plants just like it is in other eukaryotes. Studies on plant
RBR proteins discovered a wide variety of additional roles
such as cell fate determination and inﬂuencing chromatin
dynamics or genomic imprinting (de Jager et al., 2005; Park
et al., 2005; Sablowski, 2007; Costa and Gutierrez-Marcos,
2008; Paz Sanchez et al., 2008; Chen et al., 2009; Sabelli and
Larkins, 2009). For a deeper understanding of the molecu-
lar basis of these divergent functions of plant RBR proteins
it is essential to know the cell cycle phase-dependent
changes in levels and post-translational modiﬁcations of
these proteins. In these studies, immunodetection techni-
ques were used to monitor the MsRBR and the phospho-
MsRBR proteins in samples from synchronized alfalfa cells.
Antibodies against the C-terminal fragment of AtRBR1
protein speciﬁcally recognized the 115 kDa MsRBR protein
as shown by the antigen competition assay (Fig. 1A). In
total protein extracts from cultured alfalfa cells this poly-
clonal antibody detected smaller cross-reacting bands,
indicating a wider spectrum of unspeciﬁc interactions for
the antibody tested. The higher signal intensity in lane 2
(Fig. 1A) might originate from the concentration of
antibody during the pre-incubation procedure. The present
observation that antibodies generated either against the
C-terminal fragment of the Arabidopsis AtRBR1 protein or
the phosphopeptide from human pRb protein cross-reacted
with the same 115 kDa alfalfa protein with the predicted
molecular size provides a sufﬁcient basis to use these
antibodies in alfalfa cell systems (Fig. 1C, D). According to
the sequence data, the C-terminal regions of the Arabidopsis
and alfalfa RBR proteins share a signiﬁcant degree of
amino acid sequence identity (74%). The homologous
regions cover a substantial portion of these fragments
including the NVYVSPLRGS motif that may correspond
to the NIYISPLK-S motif of the human pRb protein which
has a conserved 807/811serine (S) phosphorylation site. In
attempts to monitor the phosphorylated form of the
MsRBR protein by using anti-phosphopeptide antibody, it
has to be emphasized that this methodology detects a single
phosphorylation site whereas post-translational modiﬁca-
tions can occur at additional residues with different
functional consequences. Therefore, the methodology used
here is not sufﬁcient for determining the ratio between the
MsRBR and the phospho-MsRBR proteins. The function-
ality and speciﬁcity of this anti-phosphopeptide antibody
was demonstrated by detection of the in vitro phosphory-
lated form of the Medicago RBR protein C-terminal
fragment by western blot (Fig. 1B). The pRb proteins from
mammalian cells show phosphorylation-dependent migra-
tion patterns, and the hyperphosphorylated pRb protein is
usually detected as a more slowly migrating band (Farkas
et al., 2002). As a result of the protein separation protocol
employed (electrophoresis in denaturing polyacrylamide
gels) the MsRBR protein band was diffuse and a clear shift
between the two protein forms could not be recognized.
Similarly, no band shift was reported in the case of the
NtRBR1 and the phospho-NtRBR1 proteins (Kawamura
et al.,2 0 0 6 ). After inorganic phosphate incorporation into
pea axillary buds the anti-PsRBR antibody immunoprecipi-
tated higher and lower molecular mass forms of the
phosphorylated PsRBR1 that were sensitive to k-phospha-
tase treatment (Shimizu-Sato et al., 2008). In the present
study the intensity of the band corresponding to the
phospho-MsRBR (115 kDa) protein was reduced by phos-
phatase treatment, as an indication of correct recognition of
the phosphorylated form by the anti-phosphopeptide anti-
body used (Fig. 1D, lanes 3 and 6).
It was demonstrated previously that Arabidopsis, tobacco,
wheat, and maize RBR proteins can serve as substrates
for CDK–cyclin complexes (Boniotti and Gutierrez, 2001).
The in vitro phosphorylation reactions revealed that
PSTAIRE-type CDKs and D-type cyclins are involved in
Fig. 7. Differences in immunoﬂuorescence labelling of MsRBR
and phospho-MsRBR proteins in isolated nuclei released from
alfalfa cells indicate different nuclear organization for the two forms
of MsRBR protein. Upper panel: diffused, uniform staining of
nucleoplasm (green) after immunolocalization with anti-AtRBR1
antibody. Lower panel: granular labelling of the nucleus (green)
after immunolocalization with anti-human pRb phosphopeptide
antibody. DNA stained with DAPI and pseudocoloured red.
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reported tobacco NtRBR1 phosphorylation by NictaCycD3;3-
associated kinase during a very short period in the middle of
the G1 phase whereas p13
SUC1-bound kinases were active in
phosphorylation of NtRBR1 during late G1 phase to late S
phase. These authors also showed that different types of
tobacco CDKs (CDKA and CDKB) can phosphorylate
the 110 kDa NtRBR protein in vitro (Kawamura et al.,
2006). The present study supports the potential role of
non-PSTAIRE kinases; namely the mitotic Cdc2F–
MedsaCDKB2;1 complex is also capable of phosphorylat-
ing the C-terminal region of the alfalfa MsRBR protein as
is shown in the case of the MedsaCDKA1;1 PSTAIRE
kinase (Fig.2). The activity of MedsaCDKB2;1 is linked to
cells in G2 phase and mitosis (see Magyar et al., 1997 and
Fig. 6B). The MedsaCDKA1;1 protein is detectable during
the whole cell cycle, with increased activities in cells
accumulated in G1–S and early G2 phase after HU block
(Fig. 6B). The histone H1 phosphorylation function of both
CDKs was sensitive to roscovitine treatment. It is an
interesting ﬁnding that the MedsaCDKB2;1 protein was
undetectable in treated cells. That is a selective effect of this
inhibitor in comparison with the response of Med-
saCDKA1;1. The lack of B-type kinase protein accumula-
tion can originate from blocking an unknown component
required for either expression of the MedsaCDKB2;1 gene
or synthesis and stability of this kinase protein. One potential
candidate can be the A-type CDK since this kinase is active
earlier in G1–S phases and its function is known to be
inhibited by roscovitine. Detection of this unexpected effect
of roscovitine may initiate further experiments.
Analysis of the MsRBR protein in cells from cultures at
different growing phases revealed an increase in both forms
of this protein during exponential growth (Fig. 1C, D, lanes
4–6). Differences between cells in the stationary and
exponential phase of the culture period were more pro-
nounced in the case of the phospho-MsRBR protein.
Linking the presence of the MsRBR proteins to the
proliferative state was also supported by the hormone
starvation experiment (Fig. 3). In this experiment quantiﬁ-
cation of the mitotic kinase (CDKB2;1) protein was used as
a marker for division activity that was induced already
Fig. 8. Organization of the phospho-MsRBR protein into granular structures is restricted to mitotic prophase. According to the
distribution of the phospho-MsRBR protein these characteristic granules cannot be detected in later mitotic stages. Immunodetection
of phospho-MsRBR protein (green panels) is shown at various phases of the cell division cycle in formaldehyde-ﬁxed suspension-
cultured cells of alfalfa. Arrowheads indicate various mitotic phases (A, B, prophase; C, D, prometaphase; E, F, metaphase; G, H,
anaphase; I, J, telophase) or early G1 cells (K, L). Note the signiﬁcantly reduced labelling intensities at metaphase, anaphase, and
telophase stages of mitosis. This ﬁgure also presents interphase nuclei (B, D, F, H, J, and L) with concentration of labelling signals in
nuclear spots. Localization of phospho-MsRBR protein is shown in the green panel. DNA is stained with DAPI and pseudocoloured red
(red panels). Bar¼10 lm
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a hormone-free growing period of 6 d. The amounts of the
MsRBR protein(115 kDa) increased gradually and reached
a maximum after 15 d of growth in a complete culture
medium. Based on the observed changes, close correlation
between these two proteins is not expected since the
MsRBR protein slightly changes between cell cycle phases,
whereas the mitotic kinase CDKB;2,1 protein is exclusively
found in G2/M phase cells (Figs 4B, 6B). When alfalfa cells
were cultured in hormone-free medium for a further 8–15 d,
both the MsRBR protein and the mitotic kinase CDKB;2,1
proteins were reduced to the detection threshold in protein
extracts; therefore, it was concluded that the prolonged
withdrawal of synthetic auxin and kinetin stopped the
division of A2 alfalfa cells and the non-dividing state of
these cells was reﬂected by the very low level of the MsRBR
protein. The cell division-dependent presence of plant RBR
proteins could also be seen in the Arabidopsis experimental
system. Only the non-phosphorylated AtRBR1 protein was
detected in stationary phase MM2d Arabidopsis cells.
Transfer into fresh medium resulted in the detection of
increasing amounts of AtRBR1 protein and after 8 h its
phosphorylated form was recognized by western blots
(Hirano et al., 2008). The role of RBRs in dividing plant
cells can also be deduced from experiments by these authors
where MM2d cells were grown in low sucrose medium.
AtRBR1 was depleted to undetectable levels within 12 h
after transfer of cells into the medium lacking sucrose. In
interpreting these ﬁndings as an indication for a link
between the dividing state of cells and the RBR protein it
should be emphasized that the present and cited studies
were carried out with plant cells cultured in vitro. The
functional characteristics of plant RBRs can be essentially
different in vivo. Wyrzykowska et al. (2006) showed growth
inhibition and initiation of differentiation by transient
overexpression of the AtRBR1 gene. In tobacco plants the
induced RBR protein synthesis caused a complete and rapid
cessation of cell division. These observations highlight an
essential divergence of RBR protein functions in plant
organs such as shoot apical meristem and in hormone-
stimulated, fast cycling cultured cells.
Despite the above limitation, cultured plant cells at
present provide an optimal experimental system for efﬁcient
synchronization of the division cycle to analyse phase-
speciﬁc events. In the present study the A2 cell line of
M. sativa that is well adapted to in vitro conditions was used
and its short cycle time allowed the enrichment of cell
populations in various phases by using speciﬁc inhibitors
such as HU, roscovitine, or colchicine. Western blotting of
total protein extracts from alfalfa cells with either antibody
against the C-terminal fragment of AtRBR1 protein or anti-
human phospho-pRb peptide antibody detected the
expected size of RBR protein (115 kDa) and additional
cross-reacting bands of various sizes and quantities (Figs 1,
4B, 5B). These signals are considered to be the results of
non-speciﬁc interactions or degradation; therefore, the
present analysis is restricted to the full-size MsRBR protein
and its phosphorylated form. Western blot analysis of
protein samples detected the MsRBR protein during the
whole division cycle with limited changes. The observed
increase in MsRBR protein levels in samples with a higher
frequency of G2/M phase cells was shown more clearly by
Fig. 9 Concentration of the phospho-MsRBR protein (green panel) into nuclear spots in interphase cells (A–C) and granules in prophase
cells (D–I) after formaldehyde ﬁxation. Prophase cells with advanced chromosome condensation have a considerable number of
phospho-MsRBR protein-positive granules with an interchromosomal position. DNA is stained with DAPI (bar¼10 lm) and
pseudocoloured red (red panel).
Retinoblastoma-related protein in G2/M alfalfa cells | 2165the colchicine-blocked cells, although a cell cycle phase-
independent action of this inhibitor on the RBR protein
accumulation cannot be excluded. During HU+roscovitine
treatment the MsRBR protein level was slightly lower in
comparison with the HU-treated cells. The sequentially
applied HU and colchicine combination resulted in a signiﬁ-
cantly elevated MsRBR protein level compared with the single
HU treatment (Fig. 5B). Cell cycle phase dependence could
be more clearly recognized in alterations of phospho-MsRBR
protein levels (Figs 4B, 5B). The reduced level of the
phosphorylated form in G1 cells can be safely concluded
from the presented data. Comparing amounts of cross-
reacting MsRBR and phospho-MsRBR proteins in Fig. 4B
and Fig. 5B reveals that G1 cells primarily have the
hypophosphorylated form. Hirano et al. (2008) demon-
strated by pull-down assay that the non-phosphorylated
AtRBR1 protein could bind to E2Fa protein. These
ﬁndings are in agreement with the general model of G1/S
phase transition control where the hypophosphorylated Rb
proteins inhibit E2F functions in the activation of S phase-
speciﬁc genes (Poznic, 2009). The release of this inhibition is
expected to occur when the RBR proteins are phosphory-
lated by CDK complexes. The role of CDKs in phosphor-
ylation of RBR protein was shown by different studies on
plant systems. The present work demonstrates that in
alfalfa cells the MedsaCDKA1;1 and the mitosis-speciﬁc
MedsaCDKB1,2 can be responsible for this modiﬁcation of
the MsRBR protein (Fig. 2).
Based on the widely accepted model emphasizing the
regulatory role of the Rb proteins in G1/S phase transition,
experimental works on plant RBR proteins have essentially
focused on this checkpoint. Functional roles for plant RBR
proteins in the G2/M phases have not been proposed so far.
The present western blot studies detected signiﬁcant
amounts of both MsRBR and phospho-MsRBR proteins
in cells representing G2/M phases after chemical synchroni-
zation (Figs 4B, 5B). The presence of these proteins after S
phase was more clearly demonstrated by western blot of
proteins from the colchicine-treated cells. Occurrence of the
phosphorylated form coincided with CDK activities in-
cluding the PSTAIRE CDKA1;1 and the mitosis-speciﬁc
CDKB2;1. In accordance with western blot data the
immunolocalization studies also revealed the presence of
phospho-MsRBR protein as granular structures in inter-
phase nuclei and prophase cells (Figs 7–9). These ﬁgures
present several interphase cells with nuclei having intense
labelling concentrated into spots of various sizes. According
to the results from labelling with anti-AtRBR1 antibody,
a homogenous distribution of signals could be seen in the
released nuclei. This observation is in agreement with the
localization data presented by Boruc et al. (2010). Although
the functional signiﬁcance of these differences in the
organization of MsRBR and phospho-MsRBR proteins
has yet to be elucidated, one possible hypothesis is that
only the phosphorylated form participates in protein com-
plexes with the capability to form the detected nuclear
structures. This question clearly is worthy of further
investigation by using additional approaches. As shown by
the present immunolocalization experiments, the phospho-
MsRBR protein is detectable as granules in prophase cells
with an advanced stage of chromosome condensation.
Based on this observation it will be interesting to test
a possible involvement of plant RBR proteins in building
up chromosome structures. In Drosophila the Rb family
proteins can have a function in the mitotic cell. The Rbf1
protein is required to target the condensin II subunit
dCAPD3 to chromosomes and thus promotes chromosome
condensation and faithful transmission (Longworth et al.,
2008). These authors showed that the overexpression of the
Drosophila Rbf1 gene resulted in hypercondensation of
mitotic chromosomes. Additional mitotic functions of pRb
proteins have been widely demonstrated in mammalian cell
systems. Loss of pRb protein functions may induce cell
cycle deregulation, leading to a malignant phenotype
(Giacinti and Giordano, 2006). The pRb protein has been
shown to regulate the expression of the mitotic checkpoint
protein Mad2, which promotes chromosome instability
when misregulated in mammalian cells (Hernando et al.,
2004; Sotillo et al., 2007). Zheng et al. (2000) demonstrated
that the pRb protein can interact with hsHec1p carrying the
LxCxE motif during G2/M phases. This protein is required
for proper chromosome segregation. The serine/threonine
Aurora kinases have been shown to play a critical role in
mitosis. Nair et al. (2009) demonstrated that phosphoryla-
tion of the pRb protein at Ser780 by Aurora B inﬂuences
the polyploid cell formation caused by inhibition of this
kinase. As shown by Karantza et al. (1993), cells over-
expressing the pRb proteins accumulated uniformly in the
G2 phase, whereas cells expressing endogenous levels of the
pRb protein were found throughout the whole cell cycle.
These results suggest that the pRb protein may interact with
some protein of the cell cycle-regulatory machinery during
the G2 phase. The present immunodetection study based on
both western blot analysis and immunolocalization with
immunoﬂuorescence microscopy provides substantial sup-
port for considering plant RBR proteins to be present in
G2/M cells as regulators of the cell cycle during post-DNA
synthetic events.
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